Starch content, starch damage, particle size distribution, pasting properties measured using a rapid visco analyser (RVA properties) of rice flour, and their relation to specific loaf volume (SLV) of rice bread with gluten were examined in rice cultivar Koshihikari and its milky-white mutant lines. Two different milling methods were used: jet-milling under semidry condition after pectinase treatment and pin-milling under dry condition. Jet-milled and pin-milled milky-white mutants and jet-milled Koshihikari produced flour with low starch damage, fine particle size, low pasting temperature, high final viscosity, large setback, high trough, and long peak time. Such flour resulted in high SLV rice bread. SLV of rice bread from pin-milled milky-white mutant was equivalent to that from jet-milled Koshihikari. Using milky-white mutants, rice flour suitable for bread-making would be produced by dry pin-milling.
Introduction
Rice (Oryza sativa L.) flour is used for making various foods such as traditional confectionary products. It is also utilized as a substitute for wheat (Triticum aestivum L.) flour, and processed into bread.
Rice contains no seed proteins like wheat gluten which develop films capable of holding fermentation gases (Yeh, 2004) . Consequently, various formula modifications have been implemented for the making of rice bread. Rice bread is sorted into three groups: rice bread with gluten, rice bread without gluten, and wheat/rice composite flour bread. Thickening agents such as polysaccharides or pregelatinized starch are used to make rice bread without gluten (Nishita et al., 1976; Aoki et al., 2008; Yoza et al., 2008) .
Rice flour properties that are involved in rice bread character have been investigated. Nishita and Bean (1982) reported that coarser flours with less damaged starch functioned better in rice bread without gluten, although finer flours with more damaged starch were preferred for the wheat/rice (70:30) composite flour bread. Takano et al. (1986) also described that rice flour with 10-15% starch damage and finer particle size was suitable for making wheat/rice (70:30-60:40) composite flour bread. Egawa (2003) stated that rice flour with a 40 μm particle size and less damaged starch is suitable for rice bread with gluten, and Araki et al. (2009) verified the significant negative correlation between damaged starch content and specific loaf volume (SLV) of one-loaf rice bread with gluten. Pasting properties of rice flour are also shown to affect rice bread properties (Nishita and Bean, 1979) .
For preparation of rice flour, grain is milled by one of the following three milling methods: wet, semidry or dry milling. In the wet milling process, rice is soaked in water and drained, and then ground with the addition of extra water. During semidry-milling, rice is soaked and drained, and the wet rice is ground without adding any water. In dry-milling, cleaned rice is milled by various milling devices. Due to the decrease in starch damage, wet or semidry milling can provide superior flour to dry milling; however, flour drying and wastewater handling facilities must be included in the process (Yeh, 2004) . Currently, rice flour for bread making is mainly produced by the semidry jet-milling process after pectinase treatment (Shishido and Egawa, 1992; Morohashi et al., 2000) . The milling process produces superior fine flour with little starch damage, but it needs expensive millCo., Hiroshima, Japan), and brown rice was polished with a rice-polishing machine (Magic Mill RSKM5B, Satake Co.) .
Jet-milling Semidry jet-milling was performed after pectinase treatment of grains at the Niigata Agricultural Research Institute Food Research Center. Flour was prepared essentially as described previously (Shishido and Egawa, 1992; Morohashi et al., 2000; Takahashi et al., 2009) . Polished rice (1 kg) was washed with water and soaked in ~0.02 M trisodium citrate solution containing pectinase (5 unit/ L, Sumizyme-PTE, Shin Nihon Chemical Co. Ltd., Aichi, Japan) for 1 h at 40℃. The soaked rice was drained and ground with a jet-mill (YAKUSHIN KV-3-4S, Yakushin Kikai Seisakusyo Co., Ltd., Shizuoka, Japan) under wet condition without adding any extra water. The flour was dried using a flour drying machine (MDW-20, Fuji Paudal Co., Ltd., Tokyo, Japan).
Pin-milling Polished rice (1 kg) of Koshihikari and milky-white lines was crushed with a grain crusher (KJ-II, Hohden Industry Co., Ltd., Kyoto, Japan) and ground using a pin-mill with a 200 μm screen (High-speed all-purpose grinder, Hohden Industry Co., Ltd.) under dry condition, then sieved with a 150 μm screen using an electric sifter (Hohden Industry Co., Ltd.).
Analysis of grain and flour properties After polished rice was left in an air-conditioned room under 20℃ for at least 48 h, the grain hardness of 300 kernels was measured using a Single Kernel Characterization System (SKCS model 4100, Perten Instruments AB, Huddinge, Sweden). The particle size distribution of rice flour was measured as volume base distribution using a laser-diffraction particle size analyzer, HELOS & RODOS system (Sympatec GmbH, Clausting facilities and complicated operations. Rice flour is also produced by pin-milling under dry condition. The resultant flour is coarser and more damaged compared to jet-milled flour (Araki et al., 2009 ). However, pin-mill is inexpensive compared to jet-mill, and moreover, the pin-milling process is simple and does not need any excess water treatment. Hence, as milling costs would be reduced, and if suitable bread-making rice flour can be produced by pin-milling, its utilization would become widespread
In nonwaxy rice endosperm, the white opaque part, caused by loosely packed starch granules, is called chalk. Chalky grains are classified by the shape and location of the opaque part in the endosperm, including "white-core" and "milky-white". White-core is a kernel showing a discoidal opaque area at the center of the endosperm, and showing a linear white portion on its transverse-section. Milky-white is a kernel with an entirely opaque appearance, but a transversesection shows a few translucent regions in the peripheral part of the endosperm . Grains with a large opaque portion in endosperm, such as milky-white and large white-core, are generally called "floury" (Satoh and Omura, 1981) . Floury grains were expected to release starch granules easily and be suitable for the production of fine flour (Homma et al., 2007) ; however, the effect of chalkiness on grain and flour properties were not clarified because samples with different genetic backgrounds were used.
Recently, we revealed that milky-white mutants resulted in fine flour with low starch damage when dry-milled, by comparing Koshihikari and its milky-white mutant lines . Finer flour with less starch damage is suitable for rice bread with gluten; therefore, milky-white mutant lines are expected to be a useful raw material for rice flour production by pin-milling. However, the milling-quality of the milky-white mutants has not been clarified sufficiently. In this study, we prepared rice flour from polished rice of Koshihikari and the milky-white mutant lines, using jetmilling and pin-milling, and examined their flour properties and SLV of rice bread with gluten. Correlation analysis was performed to determine relationships between flour pasting properties measured using a rapid visco analyser (RVA properties) and SLV.
Materials and Methods

Plant materials
Rice cultivar Koshihikari and six milky-white mutant lines derived from Koshihikari were used in this study ( Mean ± standard deviation of 300 kernels harvested in 2007. Koshihikari is a translucent japonica cultivar. SKCS, single kernel characterization system; HI, hardness index. †, aliases are shown in parentheses after line names; the first two digit number represents the year of mutagenesis; KE and KG signify EMS treatment and γ-irradiation on Koshihikari, respectively.
sults confirm the association between chalky appearance and grain hardness of polished rice kernels. Starch content of flour Total starch contents of the pinmilled flour from milky-white mutants were significantly lower than jet-milled flour from Koshihikari (Table 2) . Pinmilled FLO69 and FLO85 had lower starch content than corresponding jet-milled samples. Because washing and pectinase treatment were included in the jet-milling process, bran, peripheral endosperm components, and water-soluble compounds in endosperm might be removed in the process. The removal of those compounds would result in high starch content of jet-milled flour. Milky-white lines tended to have lower starch content than Koshihikari in brown rice flour . In polished rice flour prepared by the two milling methods, there were no significant differences in starch content between milky-white lines and Koshihikari.
Starch damage of flour All flours prepared by jet-milling had low starch damage ( Table 2) . As reported previously, the pectinase treatment and milling under wet condition should lower starch damage (Arisaka et al., 1992; Shishido and Egawa, 1992) . Pin-milled Koshihikari resulted in flour with higher damaged starch content than the jet-milled one. Milky-white mutants showed significantly lower starch damage compared to Koshihikari, both in jet-milling and pinmilling. Brown rice of milky-white mutant lines became fine flour with lower starch damage than translucent Koshihikari in dry milling . The effect of grain chalkiness on starch damage of flour was commonly observed in jet-milling and pin-milling.
Particle size of flour Particle size distribution of rice flours are shown in Fig. 1 , and MPS is shown in Table 2 . The distribution profile of jet-milled Koshihikari had a peak around 50-60 μm, a shoulder around 15-20 μm, and a small fraction of particles over 100 μm (Fig. 1A) . Pin-milled Koshihikari showed a distribution profile with a peak around 130 μm, a shoulder around 15-20 μm, and a large fraction of particles over 100 μm (Fig. 1B) . Consequently, the MPS of jet-milled Koshihikari was significantly smaller than that pinmilled (Table 2 ). There was a trough or a border at around 30 μm between peaks or between peak and shoulder in both distribution profiles (Fig. 1) . Most of the rice flours on the market also show a trough or a border at around 30 μm between peak and shoulder in particle size distributions (Araki et al., 2009) . The volume percent of flour with the particle size ≤ 30 μm is indicated as the cumulative distribution at 30 μm of particle size (Q 3 (30)) in Table 2 . Jet-milled Koshihikari had a larger fraction of particles ≤ 30 μm than that pin-milled (Table  2) .
Some jet-milled milky-white lines showed a distribution profile with two peaks around 15-20 μm and 40-50 μm, but hal-Zellerfeld, Germany). The mean particle size (MPS) was designated as the particle size at 50% cumulative distribution in this study. The total starch content of flour was determined using the amyloglucosidase/α-amylase method (Approved Method 76-13, AACC International, 2000) with a total starch assay kit (Megazyme International Ireland Ltd., Wicklow, Ireland). The starch damage of flour was quantified according to Approved Method 76-31 (AACC International, 2000) using a starch damage assay kit (Megazyme International Ireland Ltd.). Pasting properties of rice flour were measured using a Rapid Visco Analyser (RVA 3D+, Newport Scientific Pty. Ltd., NSW, Australia) according to Approved Method 61-02 (AACC International 2000). Moisture content was calculated as weight loss after drying at 135℃ for 1 h.
Bread making Rice bread with gluten was made essentially as described previously (Araki et al., 2009) , using 80 g (14% moisture basis) of rice flour, 20 g (as is basis; ~5.7% moisture) of gluten preparation containing vital gluten and emulsifier (glycerin fatty acid ester) (Doughmaster FR, Riken Vitamin Co., Ltd., Tokyo, Japan), 5 g of soft white sugar, 2 g of common salt, 10 g of shortening (Nippon Flour Mills Co., Ltd., Tokyo, Japan), 1.5 g of dry yeast (Nippon Flour Mills Co., Ltd.) and 80 mL of distilled water. The dough was mixed by a pin-type mixer (National Manufacturing Co., Lincoln, NE, USA) for an optimal time determined using a Mixograph (National Manufacturing Co.). The dough was rounded and allowed to rest for 20 min in a fermentation cabinet at 27℃, and was rolled up with a molder (SMMR 2501, Aicohsha Manufacturing Co., Ltd., Saitama, Japan) and proofed at 40℃ for 50 min at 85% humidity. The panned dough was baked at 200℃ for 25 min. The loaf was weighed and the volume was measured by a rapeseed replacement method after cooling at room temperature for 1 h after baking. Specific loaf volume (SLV) was calculated as volume per weight (mL/g).
Statistical analysis All determinations were carried out in at least duplicate, bread making tests were conducted four times, and the results were averaged. Tukey's studentized range tests using GLM procedure, correlation analysis using CORR procedure, and principal component analysis using PRINCOMP procedure were performed in the Statistical Analysis System v.9.2 (SAS Institute, Cary, NC, USA).
Results and Discussion
Grain chalkiness and hardness Grain hardness of polished rice is shown in Table 1 . The hardness index (HI) of Koshihikari was 64. Polished rice of milky-white mutants showed HI of 17-28, which was softer than Koshihikari. Brown rice kernels of milky-white mutant lines are softer than translucent Koshihikari (Ashida et al., 2009) . The re-compound starch granules constituted a peak around 20 μm in particle size distribution of rice flours. Because chalky endosperm had more air spaces among compound starch granules than translucent endosperm , the starch granules of milky-white grains would be easier to separate and thus resulted in finer flour.
Compared to jet-milled Koshihikari, the distribution patterns of pin-milled milky-white lines had a peak at a larger particle size, around 100 μm, but showed a larger fraction of particles ≤ 30 μm. Therefore, the MPS of most of the pinmilled milky-white mutants was similar to or smaller than that of jet-milled Koshihikari (Table 2) .
RVA profiles of rice flour RVA properties of flours are shown in Table 2 . Flours prepared from milky-white lines showed lower peak viscosities than Koshihikari in both milling methods. The final viscosities of most of the jet-milled milky-white lines, however, were larger than or similar to jet-milled Koshihikari. There were no significant differences in final viscosity between pin-milled Koshihikari and milkywhite lines. All jet-milled flours and pin-milled milky-white lines showed large setback, and those flours could retrograde easily. Both in jet-milling and pin-milling, milky-white rice resulted in flour with longer peak time than Koshihikari. We previously reported that fine particles would swell faster and once they started gelatinization, starch destruction would proceed rapidly by heating and stirring, and resulted in lower RVA viscosity . However, finer flours showed longer peak times in this study. It is supposed that there could be differences in starch properties, such as amylopectin fine structure, between milky-white mutant rice and Koshihikari, and the differences could affect RVA viscosities. Fig. 2 shows RVA profiles of flour of Koshihikari and the milky-white mutant FLO85, which were milled by jetmill and pin-mill. Peak times of flours of FLO85 were significantly longer than Koshihikari, both in jet-milling and the others had a distribution pattern with one peak around 15-40 μm, and all lines had a minor flour fraction over 100 μm (Fig. 1A) . These flours were largely comprised of particles ≤ 30 μm ( Table 2 ). The distribution profile of pin-milled milky-white lines had two peaks around 15-20 μm and 100 μm (Fig. 1B) . In pin-milling, the distribution patterns of flour from all the milky-white lines were similar. In jet-milling, the distribution profiles of flours from milky-white lines seemed to slightly differ. It was considered that slight differences in milling conditions could affect the particle size distribution of rice flour in jet-milling, because the milling process was complicated compared to pin-milling. Pin-milled milkywhite lines had significantly larger MPS and smaller Q 3 (30) than jet-milled ones ( Table 2) .
The particle size distribution profiles differed between translucent Koshihikari and milky-white lines, both in jetmilling and pin-milling. Milky-white grain generally yielded finer flours than Koshihikari. Flour from milky-white lines commonly had a larger fraction of particles ≤ 30 μm, with the peak around 15-20 μm, than Koshihikari did, and showed significantly smaller MPS. Araki et al. (2009) of rice flour suitable for making high SLV rice bread would be possible by pin-milling when using milky-white mutant lines.
In bread-making tests, the optimum amount of water to flour (baking absorption) is determined subjectively by the test baker or estimated from a farinogram or mixogram of flour (Approved method 10-10B, AACC international, 2000). The addition of different volumes of water (75-90 mL) resulted in differing SLV in rice bread with gluten (Araki et al., unpublished) . In this study, all of the bread-making tests were performed with the addition of 80 mL of water. Optimal water volume should be different among rice flours from various mutant lines or milling methods, because damaged starch content and particle size might affect water absorption. The SLV of each rice flour would increase when bread is made with the appropriate amount of water.
Correlation between SLV and flour properties The SLV was significantly correlated with the following RVA parampin-milling. Although flours of FLO85 showed lower peak viscosities than those of Koshihikari, flours of FLO85 had similar final viscosities to those of Koshihikari. Washing and pectinase treatment presumably eliminates bran, peripheral endosperm components, and water-soluble compounds such as protein and lipids, which would suppress viscosity, and thus jet-milled flours would show higher viscosities than pinmilled flours.
Specific loaf volume of rice bread Specific loaf volume (SLV) of rice bread with gluten is shown in Table 2 . All mutant lines and Koshihikari resulted in high SLV bread (4.3-4.7 mL/g) when milled by jet-mill. No significant differences were found between jet-milled flours prepared from Koshihikari and those from milky-white lines. Pin-milled Koshihikari resulted in significantly lower SLV (3.7 mL/g) than in jet-milled flours. However, pin-milled milky-white lines showed equivalent SLV (3.9-4.4 mL/g) to the jet-milled Koshihikari flour (4.3 mL/g). This indicates that production Flour Properties of Floury Rice Mutant tered 15-20 μm would lead to a high SLV of rice bread with gluten. The peak around 60 μm was detected only in flours milled using jet-mill after pectinase treatment. Fine particle size flour did not always result in high SLV if the flour had high starch damage (Araki et al., 2009) . In dry-milling, finer flour generally has more damaged starch (Nishita and Bean, 1982) . The relationship between particle size distribution and SLV should be studied further, taking into account starch damage. No significant correlation was observed between SLV and starch content (r = 0.37), peak viscosity (r = −0.05), and breakdown (r = −0.34).
Principal component analysis In order to summarize flour properties, the data in Table 2 were analyzed using principal component analysis. The first (PC1) and second (PC2) principal components were significant (eigenvalue ≥ 1) and accounted for 90% of the total variation. The PC1 amounted for 60% of the total variation and was positively correlated with Q 3 (30) (r = 0.95**), SLV (r = 0.90**), setback (r = 0.86**), final viscosity (r = 0.85**), peak time (r = 0.74**), and trough (r = 0.70**); negatively correlated with MPS (r = −0.94**), pasting temperature (r = −0.93**), and starch damage (r = −0.91**). The PC2 positively correlated with peak viscosity (r = 0.99**), breakdown (r = 0.87**), starch content (r = 0.86**), and trough (r = 0.66*); and was negatively correlated with peak time (r = −0.62*).
The plot of PC1 and PC2 indicated that milling method and milky-white mutation grouped the flours (Fig. 4 ). PC1 eters: trough, final viscosity, setback, peak time, and pasting temperature (Fig. 3A-E) . Our results indicated that rice flour with higher trough, higher final viscosity, large setback, longer peak time, and low pasting temperature might be suitable for making rice bread with high SLV. Flours used in this study showed narrow variation of SLV, therefore, further experiments with various rice flours are needed to clarify the relationship between SLV and RVA properties.
There was a significant negative correlation between SLV and starch damage (Fig. 3F) . This result is consistent with a previous report (Araki et al., 2009) , that is, flour with low starch damage resulted in high SLV bread.
A significant negative correlation was found between SLV and MPS (Fig. 3G) . In the previous report, however, no significant correlation was found in SLV and MPS (Araki et al., 2009) . For flours used this study, there was a significant correlation between starch damage and MPS (r = 0.83**), and this might lead correlation between SLV and MPS.
There was also a significant correlation between SLV and Q 3 (30) (Fig. 3H ). The amount of particle fraction ≤ 30 μm in particle size might be important to high SLV. Araki et al. (2009) reported that the peak around 20 μm and 60 μm in particle size distribution was an important factor in evaluating bread-making quality for high SLV. In this study, flour with high SLV commonly showed a higher peak around 15-20 μm in the particle size distribution (Fig. 1) . The increased amount of particle fraction ≤ 30 μm with a peak cenk. aShida et al. Table 2 . Squares, flour prepared by jetmilling; triangles, flour prepared by pin-milling. Black color represents Koshihikari, and white color represents milky-white lines. * and **, significant at 5% and 1% level, respectively. milling and pin-milling; and such flour resulted in rice bread with high SLV. Jet-milling operation could also produce such flour from the parental translucent cultivar, Koshihikari. The SLV of rice bread made from pin-milled milky-white rice was comparable to that made from jet-milled Koshihikari.
was considered to represent the suitability of rice flour for rice bread with high SLV. Pin-milled milky-white mutants exhibited similar PC1 score to jet-milled Koshihikari. Jetmilled milky-white mutants showed maximum PC1 score. Both jet-milled Koshihikari and milky-white mutant flour showed larger PC1 and PC2 scores than the respective pinmilled flour. Jet-milled milky-white lines had higher PC1 scores and lower PC2 scores than jet-milled Koshihikari, and pin-milled milky-white mutants also had higher PC1 scores and lower PC2 scores than pin-milled Koshihikari. Both the jet-milling operation and milky-white mutation would have a common effect to increase PC1 score.
Potential of pin-milled milky-white rice This study showed the promising utilization of milky-white mutant rice; milky-white mutant rice resulted in flour with fine particle size and low starch damage by dry pin-milling, and SLV of rice bread made from the flour was equivalent to that made from jet-milled Koshihikari. When using milky-white mutants and the pin-mill, industrial production of rice flour suitable for high SLV rice bread might be more facile, because the dry-milling process does not need any excess water treatment, which is included in wet-or semidry-milling. However, milky-white kernels are easily broken during polishing, and the weight loss with polishing is larger compared to ordinary cultivars . It would be necessary to develop new polishing processes and/or to explore superior milky-white mutants with less weight loss during polishing, i.e. a kernel with hard peripheral part and soft central part.
Conclusions
Milky-white mutant rice became flour with low starch damage, fine mean particle size, a large fraction of particles ≤ 30 μm with a peak around 15-20 μm in the particle size distribution, low pasting temperature, high final viscosity, large setback, and long peak time of RVA properties, both in jet- Table 2 . Symbols are the same as in Fig. 3 .
